Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late-onset neurodegenerative disorder that affects individuals who are carriers of small CGG premutation expansions in the fragile X mental retardation 1 (FMR1) gene. Mitochondrial dysfunction was observed as an incipient pathological process occurring in individuals who do not display overt features of FXTAS (1). Fibroblasts from premutation carriers had lower oxidative phosphorylation capacity (35% of controls) and Complex IV activity (45%), and higher precursor-to-mature ratios (P:M) of nDNA-encoded mitochondrial proteins (3.1-fold). However, fibroblasts from carriers with FXTAS symptoms presented higher FMR1 mRNA expression (3-fold) and lower Complex V (38%) and aconitase activities (43%). Higher P:M of ATPase b-subunit (ATPB) and frataxin were also observed in cortex from patients that died with FXTAS symptoms. Biochemical findings observed in FXTAS cells (lower mature frataxin, lower Complex IV and aconitase activities) along with common phenotypic traits shared by Friedreich's ataxia and FXTAS carriers (e.g. gait ataxia, loss of coordination) are consistent with a defective iron homeostasis in both diseases. Higher P:M, and lower ZnT6 and mature frataxin protein expression suggested defective zinc and iron metabolism arising from altered ZnT protein expression, which in turn impairs the activity of mitochondrial Zn-dependent proteases, critical for the import and processing of cytosolic precursors, such as frataxin. In support of this hypothesis, Zn-treated fibroblasts showed a significant recovery of ATPB P:M, ATPase activity and doubling time, whereas Zn and desferrioxamine extended these recoveries and rescued Complex IV activity.
INTRODUCTION
Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late-onset neurodegenerative disorder (2 -4) that affects individuals who are carriers of premutation expansions CGG repeats) in the 5 ′ untranslated region (5 ′ UTR) of the fragile X mental retardation 1 (FMR1; OMIM * 309550) gene. FXTAS typically affects carriers (males . females) over 50 years of age, with core features of action tremor and gait ataxia, but also (more variably) parkinsonism, executive dysfunction, cognitive decline, neuropathy and autonomic dysfunction. The core neuropathologic feature of FXTAS is the presence of FMR1 mRNA -containing inclusions in the nuclei of neurons and astrocytes of affected individuals (5 -7) , consistent with the 'RNA toxicity' model of pathogenesis (3) . Larger expansions (.200 CGG repeats; full mutation) generally result in transcriptional silencing and absence of the FMR1 mRNA and protein product (8 -11) , * To whom correspondence should be addressed at: Department of Molecular Biosciences, University of California Davis, 1120 Haring Hall, One Shields Avenue, Davis, CA 95616, USA. Tel: +1 5307548603; Fax: +1 5307524698; Email: cgiulivi@ucdavis.edu leading to fragile X syndrome, the most common heritable form of cognitive impairment and leading known form of autism. Individuals with the full mutation are not at-risk for FXTAS or the fragile X-associated primary ovarian insufficiency, as in these cases the toxic FMR1 mRNA is absent or present at low levels.
Given that several symptoms of FXTAS, including gait ataxia, white matter disease, dysautonomia, peripheral neuropathy, weakness/exercise intolerance and neuropsychiatric involvement, overlap those of mitochondrial respiratory enzyme chain enzyme deficiencies, we recently investigated and identified mitochondrial dysfunction (MD) in both cultured dermal fibroblasts and brain samples from individuals with the premutation with FXTAS symptoms (PS) and without FXTAS symptoms (premutation asymptomatic or PA) with CGG repeat length at the low end of the premutation range (1) . Our study resulted in several important conclusions: (i) decreased nicotinamide adenine dinucleotide-and flavin adenine dinucleotide-linked oxygen uptake rates and uncoupling between electron transport and synthesis of ATP; (ii) a lower expression of mitochondrial proteins preceded clinical involvement, even in younger carriers with smaller CGG repeat lengths; (iii) the CGG repeat size required for altered mitochondrial protein expression was also lower than the lower bound of CGG repeat size associated with intranuclear inclusions observed to date in individuals who died with FXTAS, suggesting that MD is an incipient pathological process occurring in individuals who do not display overt features of FXTAS; (iv) for a given CGG repeat, MD preceded the increase in oxidative/nitrative stress damage indicating that the latter is a late event (1) .
Thus, the goals of the present study were to elucidate the mechanisms underlying the MD observed in premutation carriers of comparable age and CGG repeat expansions, and if this mechanism would show differences between premutation carriers with (PS) and without (PA) symptoms of FXTAS that would explain the clinical phenotype.
RESULTS

Clinical characteristics of individuals with FXTAS with and without symptoms
The subjects included in this study were all males referred to the Chicago or UC Davis clinics either because they presented with FXTAS symptoms, including tremor and/or ataxia, or were either premutation carriers ascertained through families with a fragile X syndrome proband, or controls in a similar age group range. Individuals contributing skin biopsies were participants in a multicenter study to characterize neurological findings in premutation carriers. Primary cultured skin fibroblasts from the skin biopsies were obtained from 14 male premutation carriers: 8 with FXTAS symptoms (identified in Tables as PS) and 6 without FXTAS symptoms (or asymptomatic, identified in Tables as PA) and 7 controls (Table 1 and Supplementary Material, Table S1 ). There was no statistical difference in age between the control group (64 + 2 years old) and the premutation carriers (PA: 71 + 2 and PS: 68 + 3 years old; Table 1 ). For the fibroblast samples, there was a significant difference between CGG repeat numbers between PS and PA (96 + 7 and 69 + 2, mean + SEM, respectively; P ¼ 5 × 10
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; Table 1 ), and both groups were significantly different from controls (CGG repeat for controls 27 + 2 with P ¼ 2 × 10 28 to PA and P ¼ 4 × 10 27 to PS; Table 1 ). On average, there was a gap of 9 + 2 years between the onset of FXTAS symptoms and the time of the skin biopsy.
It could be argued that primary dermal fibroblasts do not constitute an appropriate model system to address mitochondrial function in FXTAS because the level of FMR1 transcript overexpression in fibroblasts may not necessarily mimic that in neurons. The FMR1 transcript levels in PA and PS cells were 97 + 3% (P ¼ 0.97) and 350 + 50% (P ¼ 0.001), respectively, of control values (Table 1) . These results indicated that primary fibroblasts in culture from PS do over-express FMR1 transcript and that the levels of the expanded CGG-repeat FMR1 mRNA are similar to those observed in FXTAS neurons (from 2-to 8-fold in premutation carriers; [12] [13] [14] . Moreover, there is increasing evidence that the underlying pathogenesis of FXTAS also results in additional systemic [non-central nervous system (CNS)-related] dysregulation, including the formation of intranuclear inclusions, in cells of the peripheral nervous system, and in diverse organ tissues (15, 16 ; C.G. and P.J.H., unpublished data).
Lower oxidative phosphorylation capacity in cultured fibroblasts from premutation carriers is linked to lower Complex IV and/or V activities
The rates of oxygen uptake by primary cultured fibroblasts obtained from PA, PS and controls were obtained in a glucosecontaining media supplemented with oligomycin (State 4 or non-phosphorylating conditions) and subsequently with FCCP, an uncoupler (State 3u). In PA fibroblasts, no statistical difference with respect to controls was observed in the oxygen uptake in State 4 (Table 2) ; however, PS cells exhibited a 2.6-fold increase (P ¼ 0.05; Table 2 ). The rates of oxygen Table 2 ). The respiratory control ratio (RCR) evaluates the coupling between electron transfer and oxidative phosphorylation (OXPHOS). Fully uncoupled mitochondria have RCR values of 1 (17, 18) . Control cells were fully coupled with a respiratory control ratio in the presence of uncoupler (RCRu) of 11 + 2, whereas PA cells had lower RCRu, but not significantly different from controls ( Table 2 ). The RCRu of PS cells was 3.1 + 0.9 indicating that the mitochondria were substantially uncoupled ( Table 2 ). The higher uncoupling (lower RCRu) observed in PS was the result of both an increase in State 4 oxygen uptake and a decrease in State 3u (Table 2) . Of note, the higher uncoupling of electron transport with ATP synthesis was statistically significant only in cells from PS individuals, suggesting a segregation of the severity of MD with the presence of FXTAS symptoms.
To evaluate whether the decreased mitochondrial function had an impact in the glucose consumed by the cells via OXPHOS, the rate of oligomycin-sensitive oxygen uptake in a glucose-supplemented media was evaluated in control, PS and PA cells. In PA cells, the rate of glucose uptake in OXPHOS was 41% of controls (P ¼ 0.02), whereas in PS was 30% of controls (P ¼ 0.02). These results indicated that premutation cells had a lower rate of glucose oxidation via OXPHOS, suggesting that a higher proportion of their ATP is derived from anaerobic glycolysis especially in PS cells, consistent with the presence of symptoms in these individuals.
No significant changes in either mtDNA copy number or mitochondrial mass was found between cells from premutation carriers and controls indicating that the lower oxygen uptake rate in State 3u and glucose consumption via OXPHOS found in premutation cells could not be explained by lower mitochondrial number (estimated by means of mtDNA content or citrate synthase activity; Supplementary Material, Table S2 ). In fact, the mtDNA copy number in PS cells was 1.34-fold of controls (P ¼ 0.008), suggesting a cellular response to overcome oxidative stress as described in other biological models (19) (20) (21) (22) (23) . To evaluate increased oxidative stress and considering that mitochondria are the main intracellular source of reactive oxygen species (ROS; 24), the rate of hydrogen peroxide production was evaluated in control and PS fibroblasts using succinate (in the presence of rotenone and antimycin) and NADH (in the presence of rotenone). This experimental design allowed testing for ROS production by Complex III and Complex I, respectively. Our results indicated that the ROS production was significantly enhanced [2.4- To determine whether the lower OXPHOS capacity accompanied by a higher ROS rate observed in cells from premutation carriers was the result of a defect at any of the electron transport chain Complexes, the activities of each were tested (Table 3) . In premutation cells, the activity of cytochrome c oxidase (Complex IV) was 33% (PA) and 56% (PS) of control values (P ¼ 0.01 and 0.05, respectively; Table 3 ). In addition, in PS cells only, the activity of ATPase (Complex V) was 38% of the controls (P ¼ 0.02; Table 3 ) and significantly different from PA (53% with P ¼ 0.02). The lower Complex IV activity in cells from premutation carriers was consistent with the lower rates of State However, three out of five PS samples showed lower Complex I (below 95% CI) and two out of four had lower Complex II -III activities, whereas in PA samples only one had low Complex I activity and none showed low succinate cytochrome c reductase (SCCR) activity, suggesting that Complexes other than IV and V were also affected in premutation carriers with symptoms than in those without.
Defective import/processing of mitochondrial precursors in FXTAS fibroblasts
The lower Complex IV (PS and PA) and V (PS only) activities observed in premutation cells could result from one or both of the following processes: (i) decreased steady-state levels of certain mitochondrial subunits resulting from decreased synthesis, increased proteolysis or a combination of both processes; (ii) a defective processing, assembly and/or import of nuclear-encoded proteins resulting in lower mitochondrial activities.
To ascertain if the lower Complex activities were the result of lower protein expression, western blots were performed to evaluate the levels of several subunits from Complexes I, IV and V (Supplementary Material, Table S3 ). For all 10 proteins tested, 6 in PA and 7 in PS were significantly lower compared with controls (60 + 7 and 57 + 5% of controls for PA and PS, respectively). However, the lack of correlation between Complex activities (Table 3 ) and subunit protein expression in premutation cells (Supplementary Material, Table S3 ) indicated that the steady-state levels of the individual Complex subunits did not translate (in most of the cases) into activity loss. The lack of a more consistent correlation seemed to reflect a defective processing of precursor proteins, import or assembly of Complexes resulting in higher instability of the assembled Complexes, rather than an increased degradation or decreased synthesis of the individual subunits.
Considering that the rates of the import/processing of mitochondrial precursor proteins (or preproteins) are generally one order of magnitude faster than their rates of degradation in the cytosol (25, 26) , a defect at the processing and/or import levels may result in the accumulation of precursor proteins in the cytosol. To this end, we evaluated the mature and precursor protein expression of ATPB (subunit of Complex V), cytochrome c oxidase (CCO4, subunit IV of Complex IV) and NADH dehydrogenase (ubiquinone) Fe-S protein 4, 18 kDa (NDUFS4, subunit of Complex I) in control and premutation cells (Table 4) . Our experimental conditions do not allow discerning MW differences of ,5 kDa between precursor and mature mitochondrial proteins, thus from the 10 proteins tested (Supplementary Material, Table S3 ), only NDUFS4, CCO4 and ATPB fulfilled this requirement.
The ATPB precursor-to-mature ratio (P:M) was significantly increased in PA (4.6-fold of controls; P ¼ 0.03) and PS (2.5-fold of controls; P ¼ 0.01; Table 4 and Fig. 1A ). Consistent with the results obtained on ATPB, an altered P:M was also observed for CCO4 and NDUFS4 in premutation cells. The P:M of CCO4 ( Fig. 1A and Table 4 ) and NDUFS4 (Table 4 ) was significantly increased in both PA (CCO4: 3.5-fold of controls; P ¼ 0.04; NDUFS4: 2-fold of controls; P ¼ 0.024) and PS (CCO4: 3.8-folds; P ¼ 0.035; NDUFS4: 2.3-fold of controls; P ¼ 0.014) ( Table 4 ). The expression levels of CCO2, an mtDNA-encoded subunit, were also examined in dermal fibroblasts from controls and PS carriers. As expected for a defect in the import/processing step, no differences were found in the expression levels of this protein between controls and PS (normalized to actin; Fig. S1 and Table S3 ).
In PS cells, the higher P:M, the lower mature ATPB content (42 + 14% of controls; P ¼ 0.02) and the lower ATPase activity (38 + 10% of controls; P ¼ 0.02) suggested that the processing of ATPB (as well as other proteins synthesized in the cytosol, i.e. NDUFS4 and CCO4) was limiting, resulting in dysfunctional mitochondria. Although similar conclusions could be reached with PA cells, the relatively lower increase in the P:M in conjunction with a relatively higher content of mature ATPB (62 + 13% of controls; P ¼ 0.04) compared with PS cells could explain the lack of ATPase activity decline in PA cells.
It could be inferred that changes in P:M may be attributed to the age difference between groups since premutation patients were older than controls (77 + 3 and 58 + 4; P ¼ 0.002; Table 5 ); however, P:M as well as the mature and precursor ATPB levels decreased significantly with the CGG repeat expansion [as reported before (1) Defective import/processing of ATPB and frataxin in brains from patients that died with FXTAS symptoms
To confirm the results obtained with fibroblasts, the P:M levels of ATPB were analyzed in brain samples from patients that died with FXTAS symptoms (clinical characteristics of patients in Table 5 and Supplementary Material, Table S4 ). The abnormal ATPB P:M observed in premutation carriers was also detected in frontal cortex samples (Fig. 1B) , mitigating concerns that the foregoing observations may reflect either an exclusive property of dermal fibroblasts or as an artifact of culture conditions. The ratios of intensities at precursor and mature MW bands were evaluated in total cell lysates (see Figure 1 for an example of P and M bands). Frataxin, a protein involved in mitochondrial iron homeostasis, is a nuclear-encoded mitochondrial protein whose precursor (P, MW ¼ 23.1 kDa) is converted to the mature (M, MW ¼ 14.3 kDa) form through a two-step proteolytic processing via formation of an intermediate (I, MW ¼ 18.8 kDa) polypeptide chain (27, 28) . To test whether the import/processing of this protein was also impaired in FXTAS brain samples, western blots were performed to evaluate the levels of frataxin P, I and M. As observed for ATPB, NDUFS4 and CCO4 in PS fibroblasts, and for ATPB in cortex samples from PS, significantly lower mature frataxin levels (normalized by actin: 2.8-fold; P ¼ 0.004) and significantly higher P:M and I:M (6.3-fold; P ¼ 0.04 and 15-fold; P ¼ 0.008) were observed in brain samples from FXTAS patients compared with controls ( Fig. 2) , further confirming a generalized defect in the import/processing machinery of mitochondrially targeted proteins. Impaired AFG3l2 and mitochondrial processing peptidase activities are not related to lower protein or transcript expression Mice deficient in ATPase family gene 3-like 2 (AFG3l2) and its partner protein, paraplegin (SPG7), show tremor and ataxia as well as mitochondrial abnormalities (29) . In yeast, AFG3 and RCA1 constitute the m-AAA protease complex that mediates the degradation of non-assembled mitochondrial inner membrane proteins. This complex is necessary for the assembly of mitochondrial respiratory chain and ATPase Complexes and has an important function in both post-translational Table S1 with the exception of P7, which was described before (1). (B) Representative western blot of some of the brain samples indicated under Supplementary Material, Table S4 . The densitometry for all the cortex samples is also shown. The samples were probed for ATPB and normalized by VDAC1 (loading control). Data were expressed as Arbitrary Densitometry Units and reported as P:M. Table 5 . Clinical characteristics of the individuals from which the brain samples were utilized in this study
Clinical and molecular characteristics of the panel of postmortem brain samples (frontal cortex) used in this study correspond in case number to those presented previously (1) and further described under Supplementary Material, Table S4 . All individuals were male and the brain samples were kept at 2808C until the protein samples were obtained. Fig. S3 ). Transcript levels of AFG3l2, SPG7, MPPA and MPPB in PS were all significantly higher than controls (average 2.3-fold of controls; Supplementary Material, Fig. S3 ), whereas in PA only SPG7 and MPPB were higher than controls (1.94-fold of controls; Supplementary Material, Fig. S3 ). Thus, the lower activities of Complexes IV (PS and PA) and V (PS only) observed in premutation carriers could not be explained by changes in the protein levels of these proteases, when in fact they were at levels comparable to (PA) or higher (MPPB and AFG3l2 in PS) than controls (Supplementary Material, Fig. S3B ). The higher transcript levels of AFG3l2, SPG7, MPPA and MPPB observed in PS seemed to be a compensatory cellular response to overcome a lower processing of nDNA-encoded mitochondrial proteins, excluding a dysfunctional transcription and/or translation, at least for these proteases, in premutation cells. However, the lower activity of these proteases-evidenced by the accumulation of mitochondrial precursors-pointed at lower protease activities not accompanied by the higher protein and transcript expression.
Zinc supplementation and iron chelation decreases the precursor-to-mature ratio and the doubling time while rescuing Complex V and IV activities in PS cells
Considering that AFG3l2, SPG7 and MPP are zinc-dependent proteases (34), we tested the hypothesis that zinc was limiting in PS cells, leading to a lower content of active holoproteases. Furthermore, given the abnormal frataxin levels found in cortex samples of FXTAS patients, we tested the hypothesis that deficits in frataxin result in iron accumulation in PS cells, leading to the observed loss in aconitase and Complex IV activity, enzymatic activities known to be defective in frataxin-deficient cells (35) .
To this end, control and PS cell lines were subjected to four different conditions: (i) vehicle only (0.01% DMSO); (ii) supplementation with ZnCl 2 ; (iii) desferrioxamine mesylate (DFO), a specific chelator of labile ferric ion (K d(Fe) ¼ 10 36) , and (iv) DFO plus ZnCl 2 . After 48 h, the doubling time, P:M and Complex IV and V activities were evaluated in fibroblasts (Table 6 and Supplementary Material, Fig. S4 ).
The concentration of ZnCl 2 tested in these experiments (20 mM) was in the range of those used for the kinetics of zinc uptake by human fibroblasts (5-40 mM; 37-39) and similar to the plasma zinc concentration (15 mM; 40). Supplementation of the cells with 20 mM ZnCl 2 resulted in 1 -2 fmol zinc/cell [estimated from the rates and V max of zinc uptake from ref. (37) ]. The concentration of the DFO (Table 6 and Supplementary Material, Fig. S4A ), suggesting that zinc supplementation and/or iron chelation improved cell proliferation. Addition of zinc to PS cells significantly decreased the P:M (by 13%; P ¼ 0.05; Table 6 and Supplementary Material, Fig. S4B ) and increased Complex V activity (1.5-fold; P ¼ 0.01; Table 6 and Supplementary Material, Fig. S4D ) compared with vehicle-treated PS. Addition of DFO decreased the P:M (by 23%; P ¼ 0.03) and increased the specific activity of Complex IV (on average by 1.3-fold; P ¼ 0.006) compared with vehicle-treated PS cells (Table 6 and Supplementary Material, Fig. S4C ). Addition of both zinc and DFO decreased the P:M (by 29%; P ¼ 0.01) and increased both Complex IV (1.3-fold, P ¼ 0.01) and Complex V (1.8-fold; P ¼ 0.005) activities. Of note, the addition of both zinc and DFO to PS cells showed an improvement that, for some of the outcomes (namely doubling time, ATPase activity and Complex IV activity), was more significant than that obtained by individual treatments. Doubling time of cells treated with Zn + DFO decreased an additional 32% compared to the treatment with Zn and an additional 38% compared to the treatment with DFO (P ¼ 0.04). ATPase activity of cells treated with DFO + Zn was 1.2-fold of that with Zn only and 1.6-fold of that obtained with DFO only (P ¼ 0.05). Complex IV activity in the presence of Zn and DFO was 1.3-fold of that obtained with Zn only (P ¼ 0.05).
To evaluate the effect of the various treatments on PS cells compared with vehicle-treated controls, comparisons for each outcome were made between these two experimental groups (Supplementary Material, Fig. S4 ). For all treatments, the doubling time (Supplementary Material, Fig. S4A ) and Complex IV activity (Supplementary Material, Fig. S4C ) of PS cells resulted in values similar to those of vehicle-treated controls, whereas Zn and/or DFO treatments decreased the P:M, but not to an extent comparable to the control values (Supplementary Material, Fig. S4B ; for Zn: from 230 to 196% of controls; P ¼ 0.03; for DFO: from 230 to 176% of controls; P ¼ 0.03; Zn + DFO: from 230 to 176%; P ¼ 0.05). The treatment of PS cells with Zn or DFO partly restored the activity of Complex V (for Zn: from 45 to 66% of controls; P ¼ 0.007; for DFO: from 45 to 56% of controls; P ¼ 0.005), whereas the combination of iron chelation and Zn supplementation increased ATPase activity to control levels.
Lower ZnT6 protein content in PS cells
The same outcome of the parameters tested under Table 6 with zinc added to PS cells either as ZnCl 2 or as a zinc ionophore, zinc-pyrithione (data not shown), suggested that the defect was not located at the uptake of zinc from extracellular milieu (performed by the zinc importer proteins or ZIP) but within the intracellular milieu (intracellular flux and/or cellular efflux mediated by zinc transporters, or ZnTs). We hypothesized that a defect in the ZnT system resulted in lower zinc bioavailability in PS. To this end, we determined the gene expression of the members of the ZnT family (SLC30A) in controls and cells from premutation carriers. Ten human genes have been indentified coding for ZnT protein family members (ZnT1 through ZnT10, or SLC30A1 through SLC30A10; 41), implicated in the transport of zinc out of the cytosol, either to the extracellular space (e.g. ZnT1) or into the lumen of cytoplasmic organelles (42) (43) (44) . Of the transporters examined by PCR (all except ZnT9), gene expression in control cells was found for only ZnT4, ZnT6 and ZnT3 (Supplementary Material, Fig. S5 ). The gene expression of ZnT4 and ZnT6 was detectable in cells from premutation patients with no significant difference in levels compared with controls. No band for ZnT3 was observed in PS and in most of PA cells (all except one), and its levels were barely detectable in control cells; thus, no inference could be made regarding any changes in its level (Table 7 and Supplementary Material, Fig. S5 ). Western blot analysis of the ZnT4 protein (at 43 kDa) confirmed a uniform expression for ZnT4 in all premutation cells comparable to control levels ( Table 7) . A single ZnT6 protein of the predicted size (51 kDa) was observed in premutation cells, significantly lower only in PS relative to controls (14% of controls; P ¼ 0.006; Table 7 ). The discrepancy between the levels of ZnT6 mRNA and protein expression in PS fibroblasts suggested that a post-transcriptional mechanism might play a role in the specific expression of the ZnT6 protein.
Low levels of the ZnT6 protein (42% of controls) were also observed in frontal cortex samples from patients that died of FXTAS (normalized by actin, controls: 0.417 + 0.07, PS: 0.177 + 0.05; P ¼ 0.048; Supplementary Material, Fig. S6 ) (Table 7) .
DISCUSSION
In this study, we showed abnormal mitochondrial function in both CNS and non-CNS (dermal fibroblasts) tissues from patients with the neurodegenerative disorder, FXTAS. All biochemical characteristics tested point to a lower ATP production, which would particularly affect neurons because of their high (sole) dependence on OXPHOS for energy supply (45) (46) (47) (48) (49) (50) .
Fibroblasts from premutation carriers, independently of the presence of FXTAS symptoms, when compared with controls had lower State 3u oxygen uptake rates (PA and PS 44 and 57% of age-matched controls, respectively), lower glucose consumption via OXPHOS (35% of controls), lower Complex IV activity (PA and PS 34 and 56% of age-matched controls, respectively) and higher P:M of nDNA-encoded subunits from Complexes I, IV and V (in average 3.4-fold and 2.8-fold for PA and PS, respectively).
It is noteworthy that several of the parameters tested in the biological samples segregated with the presence of FXTAS symptoms. Fibroblasts from PS when compared with those from PA had higher FMR1 mRNA expression (3-fold; Table 1 ), lower Complex V activity (38% of controls), lower aconitase activity (43% of controls), higher MPPB and AFG3l2 protein expression (133 and 154% of controls, respectively), increased frataxin gene expression (2.5-fold of controls) and lower ZnT6 protein expression (14% of controls), suggesting a segregation of outcomes with the occurrence of symptoms. Some of these characteristics were also observed in brain samples from patients that died with FXTAS symptoms: abnormal ATPB P:M and relative low levels of ZnT6 protein, suggesting a parallel between the phenotype observed in PS fibroblasts and cortex.
The significant increase in the P:M of several nDNA-encoded proteins in fibroblasts from premutation carriers and frontal cortex of PS patients appears to stem from a lower import/processing capacity of precursor proteins synthesized in the cytosol. Import/processing of nDNA-encoded proteins to mitochondria is the result of the presence of both (i) energized, polarized mitochondria and (ii) cytoplasmic and mitochondrial trans-acting components of the import/processing apparatus. The membrane potential promotes the initial translocation of the positively charged presequences of preproteins (51), and further translocation of preprotein segments requires the action of the matrix heat shock protein 70, an ATP-dependent molecular chaperone (52, 53) . Zn-dependent mitochondrial processing peptidase (MPP; 54), the Zn-dependent mitochondrial intermediate peptidase (MIP; 55) and the inner membrane protease (IMP; 56). MPP acts on all or part of the targeting sequence as the initial processing step, whereas MIP is specifically involved in the subsequent cleavage of proteins targeted to the mitochondrial matrix (i.e. frataxin) or inner membrane (i.e. subunits of the electron transport chain; 57), among which are ATPase subunit alpha and sub unit o, MnSOD and CCO4 (32) . IMP targets proteins destined to the intermembrane space (56) and, therefore, not expected to be involved in the maturation of any of the proteins analyzed in this study.
It is likely that altered zinc bioavailability in premutation carriers (in particular PS) caused by insufficient ZnT6 protein level (Table 7 ) might result in a lower transport of cytoplasmic zinc into the trans-Golgi network vesicles, where it may act as the limiting step for incorporating zinc into zinc-dependent proteases. Then it is reasonable to propose that a defect on both Zn-dependent proteases, MPP and MIP, underlies the decreased level of mature mitochondrial subunits [NADH dehydrogenase (ubiquinone) Fe-S protein 1, 75 kDa (NDUFS1), NADH dehydrogenase (ubiquinone) Fe-S protein 2, 49 kDa (NADUF2), NDUFS4, Complex II 70 kDa FP, CCO4, ATPB, MnSOD and frataxin) and the accumulation of precursor polypeptides (ATPB, CCO4, NDUFS4 and frataxin) observed in fibroblasts and brain samples and fibroblasts from FXTAS patients. In support of this hypothesis, supplementation of PS cells with zinc decreased the ATPB P:M, possibly restoring the zincdependent activities of proteases. In addition, because the increase in the ATPase specific activity was higher than the decrease in P:M, an increase in assembly/folding of subunits into Complex V seemed to have been favored (possibly through a mechanism involving the chaperone activity of zincdependent AFG3l2-SPG7). Compromised processing of mitochondrial proteins, especially of ETC components, can also explain the lower OXPHOS capacity of FXTAS fibroblasts observed in this study, which can further exacerbate this energy-dependent process.
A defective zinc bioavailability may result in changes in zinc-containing proteins other than those evaluated in this study (58) , which could additionally contribute to the FXTAS phenotype. In this regard, it is tempting to propose that the disrupted lamin A/C structure observed in FXTAS neural cells (59) and fibroblasts (60) could result from a defective processing of the farnesylated prelamin A by the zincmetalloproteinase FACE1 (or STE24; 61,62), suggesting that zinc-dependent proteases other than mitochondrial ones could also be affected. In addition, cells are endowed with several zinc-dependent transcription factors (e.g. TFIIIA and Sp1; 63,64), which are affected by zinc availability (65) . Zn-dependent transcription factor Sp1 interacts with the promoter of several mitochondrial proteins, such as MnSOD, ATPB, CCO4 and CYTC, among others (66 -71) , thus an imbalance in zinc metabolism might also affect the expression of mitochondrial proteins other than the activity of zincdependent proteases and chaperones, as confirmed by the reduced protein expression of MnSOD, ATPB and CCO observed in fibroblasts and brain samples from premutation carriers.
Given that frataxin, protein involved in iron metabolism, is a substrate of both MPP and MIP (27, 30, 31) , zinc supplementation of PS fibroblasts, by restoring the activities of Zn-dependent proteases, should have increased mature frataxin in mitochondria and restored the activity of ironcontaining proteins such as aconitase and Complex IV, proteins known to be deficient in frataxin-deficient cells (35) . However, this treatment partly restored ATPB P:M and Complex V (iron-independent) but not Complex IV activity (Table 6 ). To bridge this apparent discrepancy, we reasoned
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that lower MPP and MIP activities along with lower content of mature frataxin resulted in iron accumulation which could not be immediately mobilized by restoring normal levels of mature frataxin. Indeed, DFO supplementation appeared critical for the rescue of Complex IV activity (Table 6 ) but also for ATPB P:M. Although not apparent, accumulated iron can have a detrimental role on transport/processing of precursors by any of the following processes: (i) iron-mediated inhibition of MIP activity (72) , and, as a consequence, inhibition of the processing of nDNA-encoded subunits whose final destination is the matrix and inner membrane; (ii) oxidative stress, which could result in oxidative damage and direct inactivation of mitochondrial proteins (73 -75); (iii) oxidative damage of mitochondrial membrane, leading to lower membrane potential and low transport/processing activity. Oxidative inactivation of proteins has been reported in pathologies associated with increased oxidative stress caused by MnSOD deficiency (76) , and in several neurodegenerative diseases including progressive supranuclear palsy (77), Friedreich's ataxia (FA; 78) and Huntington disease (79) . In FXTAS, we have observed increased oxidative and nitrative stress (as judged by increased tyrosine nitration of proteins) in fibroblasts from premutation carriers (1), and increased mtDNA copy number (Supplementary Material, Table S2 ) and ROS production (this study) in fibroblasts of premutation carriers with clinical symptoms of FXTAS.
The lack of complete recovery of some of the outcomes in PS fibroblasts treated with DFO (or Zn + DFO) compared with vehicle-treated controls can be explained by the relatively low concentrations of DFO, and short treatment period used in this study designed to mobilize prolonged accumulated iron minimizing adverse effects potentially originated from excess metal chelation. This is the basis for the therapeutic interventions used for iron-loading diseases (such as b-thalassemia; 80,81) and neurodegenerative diseases (such as FA; 81, 82) which are based on the daily use of relatively low doses of chelators over long periods (3 weeks to years; 81, 83, 84) .
Based on this study, some overlapping biochemical mechanisms and symptoms are expected between FXTAS and other diseases with (direct or indirect) defects at the mitochondrial protein import and/or iron homestasis. (i) Defective mitochondrial protein import precludes C. elegans from normal development promoting defective formation of the somatic gonad (85) similar to the premature ovarian insufficiency observed in female premutation carriers (86) . (ii) Loss-of-function mutations in the human Tim8p homolog DDP1 causes the neurodegenerative Mohr -Tranebjaerg syndrome (87), syndrome with defective mitochondrial import machinery that presents neurological symptoms, some of which can be observed in FXTAS such as dystonia and mental deterioration. (iii) Spg7 -/ -Afg3l2 Emv66/+ mice, bearing mutations of the genes Spg7 and Afg3l2 (encoding proteins belonging to the mitochondrial m-AAA protease) displayed an early-onset severe neurological phenotype, characterized by loss of balance, tremor and ataxia, unstable mitochondrial Complexes in affected tissues and, at late stages, neurons containing structurally abnormal mitochondria defective in cytochrome c oxidase-succinate dehydrogenase activity (88) . In addition, deletion of AFG3 prevented the growth of yeast on non-fermentable carbon sources and abrogated the degradation of mitochondrially synthesized proteins and the assembly of cytochrome c oxidase and F 1 F O ATPase (89) . To note, although FXTAS phenotype and biochemical findings reported in this study are similar to those of Spg7 -/ -Afg3l2 Emv66/+ mice and AFG3-deleted yeast, no decreases in protein expression of AFG3l2 and MPPB were observed. However, a deficiency in the bioavailability of zinc not accompanied by a lower protein expression might still elicit lower protease/assembly activities, resulting in a phenotype similar to that of Spg7 -/ -Afg3l2 Emv66/+ mice. (iv) Age-dependent loss of trans-synaptic zinc movement has been suggested to lead to cognitive loss in Alzheimer's disease (90) . Extracellular b-amyloid is aggregated by zinc (91, 92) , trapping this pool of synaptic zinc (90, 91) and contributing to the sequestration of this metal. As an extension, genetic ablation of ZnT6 (and/or ZnT3) and/or trapping of zinc by over-expressed FMR1 transcript may represent a phenocopy for FXTAS symptoms (2, 93) . (v) Some premutation carriers (15 -40%) exhibit signs of autistic behavior (94 -97) suggesting some overlapping mechanisms. Besides the presence of MD in children with autism and autism spectrum disorders (ASD) (98, 99) , transcriptional profiles from peripheral white blood cells from children with autism with a history of developmental regression presented over-expression of 24 different zinc-finger proteins, three ZIP (ZIP6, ZIP8 and ZIP10) and two ZnT (ZnT1 and ZnT5) compared with those with an early onset of ASD (100), suggesting imbalances in zinc homestasis, and possibly iron metabolism. (vi) FA, a neurodegenerative disorder caused by the expansion of a GAA trinucleotide repeat in the first intron of the frataxin gene (FRDA), is characterized by lower expression of frataxin protein, lower aconitase and Complex IV activities, and accumulation of iron in mitochondria (35, 101) . The lower Complex IV (Table 4 ) and aconitase activities (43% of controls; P ¼ 0.05) and the beneficial effect of DFO observed in the FXTAS fibroblasts utilized in this study were all consistent with the biochemical findings reported for patients with FA (35, (102) (103) (104) . Furthermore, it is interesting to note that at a phenotypic level, FA and FXTAS share some common traits: gait ataxia, loss of coordination, difficulty walking and numbness in the extremities (105, 106) .
Concluding remarks
This study raises three important issues: (i) MD in carriers of small CGG-repeat expansions may potentiate the appearance of phenotypes consistent with other disorders (e.g. FA's, Parkinson's disease or parkinsonism, and Alzheimer's disease) that are likely to involve MD, even when the allele size is not sufficient to produce FXTAS symptoms. (ii) Subclinical MD may also predispose such carriers to environmental stressors (e.g. nutritional status), which may in turn contribute to both the penetrance and the severity of clinical involvement in FXTAS, and finally, (iii) our data demonstrate that the appearance of FXTAS symptoms segregate with the lower activity of import/processing proteases (higher P:M) modulated by zinc and iron availability. Moreover, this study implicates impaired mitochondrial proteolysis and processing as a novel pathway in the development of FXTAS. 
MATERIALS AND METHODS
Chemicals and biochemicals
Ethylene diamine tetra-acetic acid (EDTA), ethylene glycol tetraacetic acid, sodium succinate, mannitol, sucrose, DFO (deferoxamine) and 4-2-hydroxyethyl-1-piperazineethanesulfonic acid (HEPES) were all purchased from Sigma (St Louis, MO, USA). Tris -HCl, glycine, sodium chloride and potassium chloride were purchased from Fisher (Pittsburg, PA, USA). Bovine serum albumin (fatty-acid free) was obtained from MP Biomedicals. All other reagents were of analytical grade.
Subject samples
All studies of post-mortem and fibroblast (biopsy) tissue samples were performed with approved protocols and informed consent in accordance with the Declaration of Helsinki (107) and the Institutional Review Boards of the University of California, Davis, or Rush University Medical Center. Clinical and molecular characteristics of the panel of cultured skin fibroblasts used in this study were presented in Table 1 and under Supplementary Material, Table S1 . Samples not bolded in the Supplementary information were cultured as described in ref.
(1).
Cell lines and culture conditions
Skin biopsies from individuals were performed with a 3 mm punch under local anesthesia. The biopsy was diced under sterile conditions and then plated in T25 flasks in AmnioMAX TM -C100 Basal Medium (Gibco, Grand Island, NY, USA) containing 15% AmnioMAX TM -C100 Supplement (Gibco) at 378C and 5% CO 2 atmosphere. Longer term cultures of cell lines indicated in bold under Supplementary Material, Table S1 were maintained in DMEM high glucose + L-glutamine + 110 mg/ml sodium pyruvate (Gibco) supplemented with 15% fetal bovine serum (HyClone) and 1X penicillin -streptomycin (pen -strep) (100 units/ml penicillin G sodium and 100 mg/ml streptomycin; Gibco). Longer term cultures of the rest of the cell lines (not bolded) were maintained in RPMI-1640 (Gibco) supplemented with 10% fetal bovine serum (Gibco) and 1X pen -strep media (100 units/ml penicillin G sodium and 100 mg/ml streptomycin sulfate; Gibco; 1). Cells were trypsinized (0.25%) when they reached 90-95% confluence, resuspended in serum-containing media and centrifuged at 200g for 5 min. Following removal of supernatant, cell viability and cell counts were quantified using Trypan blue exclusion using a hemocytometer. These intact cells were used for oxygen uptake experiments. Protein extracts (for enzymatic analyses) were obtained by resuspending cell pellets at a concentration of 5 × 10 6 cells/ml in a hypotonic buffer (20 mM HEPES, pH 7.4) supplemented with kinase, phosphatase and proteolytic inhibitors, incubating on ice for 10 -15 min, homogenizing and then freezing immediately in liquid nitrogen. Protein extracts (for western blots) were obtained by homogenizing the cells and resuspending them in radio-immunoprecipitation assay (RIPA) buffer (50 mM Tris -HCl, 150 mM NaCl, 2 mM EDTA, 0.5% CA-630 octylphenoxypolyethoxyethanol (IGEPAL), 0.1% sodium dodecyl sulfate (SDS), 0.012% deoxycholate, 0.5% Triton X-100, pH 7.4) 4 ml/mg (wet pellet weight) with protease and phosphatase inhibitors.
Brain samples
Clinical and molecular characteristics of the brain samples utilized in this study are given under Table 5 and under Supplementary Material, Table S4 essentially as described previously (1) . Frozen frontal cortex from controls and PS cases was powdered in the presence of liquid N 2 and homogenized in a Dounce style homogenizer with 20 downward strokes of a tight fitting pestle in RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 0.5% IGEPAL, 0.1% SDS, 0.012% deoxycholate, 0.5% triton X-100, pH 7.4) with protease and phosphatase inhibitors. Homogenates were transferred to centrifuge tubes and rotated overnight at 48C followed by centrifugation at 16 000g at 48C. RIPA-soluble protein fractions were quantified with BCA Protein Assay Kit (#23225, Pierce Biotechnology, Rockford, IL, USA).
Treatment of cells with zinc and DFO
Cells (1.25 × 10 5 ) were plated in two T25 and treated for 48 h at 378C. They were incubated with the following reagents: (i) 0.01% DMSO or vehicle only; (ii) 20 mM ZnCl 2 ; (iii) 40 nM DFO; (iv) 40 nM DFO and 20 mM ZnCl 2 . Cells were allowed to grow for 48 h, and at the end of the incubation period, the flasks were washed three times with PBS prior to harvesting them, usually at 80-90% confluence.
Oxygen uptake
The oxygen uptake of intact cell suspensions was measured using a Clark-type O 2 electrode from Hansatech (King's Lynn, UK) at 228C as described before (1) . The respiratory control ratio (RCRu) was obtained by dividing the rate of oxygen consumption in State 3u [expressed as nmol oxygen × (min × million cells) 21 ] obtained in the presence of FCCP in high glucose DMEM buffer by that of State 4 (in the presence of oligomycin) expressed with the same units. States 4 and 3 as well as RCRu are parameters defined when using isolated mitochondria. However, we will use the same nomenclature applied to the cell studies performed in this project to indicate oxygen uptake under nonphosphorylating conditions (or oligomycin-resistant oxygen uptake, State 4), phosphorylating conditions (glucosedependent and oligomycin-sensitive oxygen uptake, State 3), maximum phosphorylating capacity (as before with FCCP, an uncoupler, or State 3u) and the ratio of State 3u/State 4 to evaluate RCRu.
Enzymatic activities
All mitochondrial enzymatic and Complex activities were described in detail in ref. (98) and Supplementary information.
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mtDNA copy number
The mtDNA copy number estimated by evaluating the mtDNA/nDNA ratio was determined using qPCR essentially as described in ref. (108) . The mtDNA copy number in each cell was expressed as the ratio between a mitochondrial gene (CYTB, ND1 and ND4) and the single-copy nuclear PK. Other experimental details were given in ref. (98) and in the Supplementary information.
Measurement of the rate of hydrogen peroxide production
The rate of H 2 O 2 production in mitochondrial preparations was followed fluorometrically using 5 U/ml horseradish peroxidase (HRP) coupled to 40 mM p-hydroxyphenylacetic acid oxidation (109) . Succinate (10 mM), in the presence of 5 mM rotenone and 3.6 mM antimycin, were used as substrates for this assay. Mitochondrial lysate (10 -100 mg/assay) was added to start the reaction. 
21
. The addition of selective inhibitors of the respiratory chain permitted delineation of sites of mitochondrial ROS production.
Expression of selected genes in cultured cells
RNA was extracted using Qiagen's RNEasy Plus extraction kit following the manufacturer's recommendations. cDNA was generated with Qiagen's Quantitect cDNA kit according to the manufacturer's protocol, quantified using Tecan's plate reader and normalized to the weakest sample of 107 ng/ml. All other experimental details were included in the Supplementary information. The approach used to test for the expression of ZnT family members in human fibroblasts followed essentially that described by Falcon-Perez and Dell'Angelica (110) with the following modifications indicated under the Supplementary information.
Western blots
All western blot procedures were performed essentially as described before (1) with the modifications indicated in the Supplementary information (Supplementary Material, Table S5 ).
Statistical analyses
The number of individuals per group was calculated from an a priori G power analysis (two-tailed t-test, alpha ¼ 0.05, power ¼ (1-beta) ¼ 0.95, and n 1 = n 2 ) utilizing data from RCRu and Complex IV activity. This analysis indicated that we needed four to six individuals per group. All our experiments were performed with this number of individuals except PA data on Table 7 . The experiments were run in duplicate or triplicates and repeated three times in independent experiments unless noted otherwise. Data were expressed as mean + SEM and evaluated by using the t-test (StatSimple v2.0.5; Nidus Technologies, Toronto, Canada) and considering P ≤ 0.05 as statistically significant.
